The mechanisms underlying the initiation and termination of the inspiratory burst are unclear, and the role of Ca 2ϩ is a matter of intense debate. To investigate the role of extracellular Ca 2ϩ in inspiratory burst initiation and termination, we substituted extracellular Ca 2ϩ with Sr 2ϩ . We found for the first time an ionic manipulation that significantly interferes with burst termination. In a rhythmically active slice, we current-clamped preBötC neurons (V m Х Ϫ60 mV) while recording integrated hypoglossal nerve (͐XIIn) activity as motor output. Substitution of extracellular Ca 2ϩ with either 1.5 or 2.5 mM Sr 2ϩ significantly prolonged the duration of inspiratory bursts from 653.4 Ϯ 30.7 ms in control conditions to 981.6 Ϯ 78.5 ms in 1.5 mM Sr 2ϩ and 2,048.2 Ϯ 448.5 ms in 2.5 mM Sr 2ϩ , with a concomitant increase in decay time and area. Substitution of extracellular Ca 2ϩ by Sr 2ϩ is a well-established method to desynchronize neurotransmitter release. Our findings suggest that the increase in inspiratory burst duration is determined by a presynaptic mechanism involving desynchronization of glutamate release within the network.
respiratory rhythm generation; breathing; strontium; respiratory pattern; burst termination THE PRE-BÖTZINGER COMPLEX (PreBötC) underlies inspiratory rhythm generation in mammals (Feldman and Del Negro 2006; Smith et al. 1991) . The inspiratory phase of the respiratory cycle in vitro results from preBötC neurons firing a synchronous burst of action potentials (APs) on top of a 10-to 20-mV, 0.3-to 0.8-s depolarization dubbed inspiratory drive potential, which results mainly from AMPA receptor (AMPAR)-mediated postsynaptic currents (Funk et al. 1993; Greer et al. 1991; Morgado-Valle and Feldman 2007) . Although preBötC neurons express pacemaking-promoting currents such as persistent Na ϩ current (I NaP ) and Ca 2ϩ -activated nonselective cation current (I CAN ) (Del Negro et al. 2002; Pena and Ramirez 2004) , Ͻ10% are intrinsic pacemaker neurons (Del Negro et al. 2005 ) and the vast majority are nonpacemaker neurons requiring excitatory synaptic input to burst rhythmically. The existence of multiple oscillatory regimes and the state dependence of pacemaker neurons in the preBötC suggest that further studies are needed to understand their role in respiratory rhythm generation (Rybak et al. 2014) .
The mechanisms underlying initiation of the inspiratory burst remain unclear. The role of Ca 2ϩ is a matter of intense debate (Beltran-Parrazal et al. 2012; Del Negro et al. 2011; Morgado-Valle et al. 2008; ). Several groups have proposed that inspiratory bursts depend on I CAN , which is mediated by TRPM4 and TRPM5 channels (Del Negro and Hayes 2008; Mironov 2008; , both expressed in preBötC neurons (Crowder et al. 2007 ). However, TRPM4-and TRPM5-knockout and TRPM4/TRPM5 double-knockout mice are viable, with no apparent signs of respiratory problems (Barbet et al. 2008; Damak et al. 2006; Lei et al. 2014; Ohkuri et al. 2009 ). Furthermore, inhibition of the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase and resulting depletion of intracellular Ca 2ϩ stores do not affect respiratory rhythm generation, suggesting that the intracellular Ca 2ϩ stores, irrespective of their somatic or dendritic location, do not significantly contribute to rhythm generation in the preBötC in vitro (Beltran-Parrazal et al. 2012) .
Much less is known about the pre-or postsynaptic mechanisms involved in inspiratory burst termination. In some central pattern generators (CPGs) from invertebrates and lamprey, presynaptic inhibition determines burst duration/termination (Buchanan 1982; Grillner and Wallen 1985; Selverston and Moulins 1985) . In brain stem-spinal cord en bloc and transverse slice in vitro preparations and in vivo, respiratory rhythm persists in the absence of synaptic inhibition, which rules out mechanisms for rhythmogenesis based on inhibition. However, inhibition might have an important role in frequency modulation and pattern formation (Brockhaus and Ballanyi 1998; Janczewski et al. 2013; Onimaru et al. 1990; Paton and Richter 1995; Shao and Feldman 1997) . Ca 2ϩ -dependent K ϩ channels are critical for burst termination in the lamprey locomotor CPG (el Manira et al. 1994) . However, the role of Ca 2ϩ -dependent conductances in burst termination in the respiratory network is not clear (Onimaru et al. 2003; Zavala-Tecuapetla et al. 2008; Zhao et al. 2006) . In preBötC neuron models, slow inactivation of the I NaP and the slowly activating voltage-dependent K ϩ current have been proposed as postsynaptic mechanisms for termination (Butera et al. 1999 (Babai et al. 2014; Regehr 1999, 2000) . We current-clamped preBötC neurons in a rhythmically active slice preparation while recording integrated (͐)XIIn activity. We analyzed preBötC neuron inspiratory burst amplitude, area, rise time, decay time, and duration as well as ͐XIIn period, amplitude, and duration. Our main finding is that substitution of the extracellular Ca 2ϩ by Sr 2ϩ significantly prolongs inspiratory burst duration. We suggest that this effect results from a presynaptic mechanism involving desynchronization of glutamate release within the network rather than from a Ca 2ϩ -dependent postsynaptic mechanism for which Sr 2ϩ cannot substitute.
MATERIALS AND METHODS
Medullary slice preparation. Experiments were performed on neonatal rat transverse brain stem slices that generate respiratory-related motor output . All experimental protocols were approved by the Institutional Animal Care and Use Committee of the Universidad Veracruzana according to the Official Mexican Standard NOM-062-ZOO-1999 (Technical Specifications for the Production, Care, and Use of Laboratory Animals) and National Institutes of Health guidelines. Neonatal rats (0 -3 days old) were anesthetized with isoflurane and decerebrated. Under a microscope the brain stem was sectioned serially in the transverse plane with a VT-1000 Vibratome (St. Louis, MO) until neuroanatomical landmarks, i.e., nucleus ambiguus and inferior olive, were visible. A transverse slice (550 m) containing the preBötC was cut. The dissection was performed in artificial cerebrospinal fluid (ACSF) containing (in mM) 128 NaCl, 3 KCl, 1.5 CaCl 2 , 1 MgSO 4 , 23.5 NaHCO 3 , 0.5 NaH 2 PO 4 , and 30 glucose, bubbled with 95% O 2 -5% CO 2 at 27°C. The slice was transferred to a 1-ml recording chamber and anchored. The chamber was mounted on a fixed-stage microscope and perfused with ACSF (6 ml/min).
Electrophysiological recording. Rhythmic respiratory-related motor output was recorded from the XIIn with glass suction electrodes and a differential amplifier (Grass P5 series). ACSF K ϩ concentration was elevated to 9 mM. XIIn activity was amplified, band-pass filtered (0.3-1 kHz), rectified, and integrated (͐XIIn). Whole cell patch-clamp recordings were performed with an Axopatch 200 amplifier (Molecular Devices, Sunnyvale, CA) in current-clamp mode. Inspiratory neurons from the preBötC were visualized with an infrared-enhanced oblique illumination videomicroscopy system (Beltran-Parrazal et al. 2014) . Electrodes were pulled from borosilicate glass (OD 1.5 mm, ID 0.86 mm) on a horizontal puller (model P-97, Sutter Instruments, Novato, CA). Electrodes were filled with standard intracellular solution containing (in mM) 140 K-gluconate, 5 NaCl, 10 HEPES, 0.1 CaCl 2 , 1.1 EGTA, 2 Mg-ATP (pH 7.3). Electrophysiological signals were acquired digitally at 4 -20 kHz with pCLAMP software and a Digidata 1200 AD/DA board (Molecular Devices) after low-pass filtering.
Experimental groups. Data collection and analysis. "Control" refers to the rhythmic activity before application of Sr 2ϩ . We did not find statistically significant differences in the slope of the V-I relationship from neurons in the presence of extracellular Sr 2ϩ with respect to control conditions (data not shown). IGOR Pro (WaveMetrics), Chart 5 (ADInstruments), and Microsoft Excel were used for data analyses. Irregularity score for ͐XIIn bursts was calculated with S n ϭ 100 ϫ ABS(P n Ϫ P nϪ1 )/P nϪ1 , where S n ϭ score of the nth cycle, P n ϭ period of the nth cycle, P nϪ1 ϭ period of the preceding burst, and ABS ϭ absolute value (Ben-Mabrouk et al. 2012 ). For analysis of inspiratory drives, APs were removed off-line in Chart 5 with a low-pass digital filter with transition width ϭ 6 Hz. We averaged the parameters of interest from ͐XIIn bursts or inspiratory drives occurring in 2-min segments in the steady state for each condition. For analysis of AP, the coefficient of variation was defined as the standard deviation divided by the mean interspike interval (Christodoulou and Bugmann 2000) . We averaged the parameters of interest from the first, third, or last AP from 20 bursts for each condition. We did not find statistically significant differences in AP parameters among positions within the burst (data not shown). Therefore, we averaged the parameters of interest from all APs from all bursts contained in 1-min segments in the steady state for each condition. Afterhyperpolarization (AHP) was defined as the difference between AP threshold and peak after-AP hyperpolarization (Zhao et al. 2006) . Results are expressed as means Ϯ SE. ANOVAs were used.
RESULTS

Effect of substitution of extracellular Ca
2ϩ by Sr 2ϩ on ͐XIIn bursts. We averaged the mean period, amplitude, and duration of the ͐XIIn bursts occurring in a 2-min segment in the steady state for each experimental group (Fig. 1) . Period of ͐XIIn burst changed from 7.6 Ϯ 0.7 s in control conditions to 4.1 Ϯ 0.4 s in 1.5 mM Sr 2ϩ -ACSF (P Ͻ 0.001, n ϭ 9) and 4.8 Ϯ 0.3 s in 2.5 mM Sr 2ϩ -ACSF (P Ͻ 0.01, n ϭ 6). In the presence of 1.5 mM Sr 2ϩ -ACSF ͐XIIn burst amplitude significantly decreased by 15% (P Ͻ 0.05), whereas in 2.5 mM Sr 2ϩ -ACSF we did not find statistically significant changes with respect to control. Duration of ͐XIIn burst significantly increased by 27 Ϯ 9% in 1.5 mM Sr 2ϩ -ACSF (P Ͻ 0.05) and by 29 Ϯ 9% in 2.5 mM Sr 2ϩ -ACSF (P Ͻ 0.05) with respect to control (Fig. 1B) . We did not find statistically significant differences in the ͐XIIn burst irregularity score in 1.5 or 2.5 mM Sr 2ϩ -ACSF with respect to control (Fig. 1C) .
Effect of substitution of extracellular Ca 2ϩ by Sr 2ϩ on preBötC neuron inspiratory drive. We current-clamped preBötC inspiratory neurons (V m Х Ϫ60 mV). We averaged the mean amplitude, area, duration, rise time, and decay time of inspiratory drives contained in 2-min segments in control conditions [n ϭ 72 inspiratory drives from 5 neurons (72/5)] and after bath application of either 1.5 mM (n ϭ 84/5) or 2.5 mM (n ϭ 51/3) Sr 2ϩ -ACSF ( Fig. 2A) . We did not find statistically significant changes in inspiratory drive amplitude in the presence of 1.5 mM Sr 2ϩ -ACSF with respect to control conditions. However, we found a significant 32 Ϯ 8% increase in inspiratory drive amplitude in the presence of 2.5 mM Sr 2ϩ -ACSF with respect to control conditions (P Ͻ 0.01). The area of inspiratory drive significantly increased by 65 Ϯ 8% (P Ͻ 0.05) in 1.5 mM Sr 2ϩ -ACSF and by 204 Ϯ 10% (P Ͻ 0.001) in 2.5 mM Sr 2ϩ -ACSF with respect to control. Inspiratory drive duration significantly increased from 653 Ϯ 31 ms in control conditions to 982 Ϯ 78 ms in 1.5 mM Sr 2ϩ -ACSF and to 2,048 Ϯ 448 ms in 2.5 mM Sr 2ϩ -ACSF (Fig. 2, A and B) . This means that in 1.5 mM and 2.5 mM Sr 2ϩ -ACSF the inspiratory drive lasted 46 Ϯ 8% (P Ͻ 0.05) and 228 Ϯ 72% (P Ͻ 0.01) longer than in control conditions, respectively. Rise time average increased from 234 Ϯ 28 ms in control conditions to 289 Ϯ 31 ms in 1.5 mM Sr 2ϩ -ACSF [29 Ϯ 16%; statistically nonsignificant (n.s.)] and to 330 Ϯ 54 ms in 2.5 mM Sr 2ϩ -ACSF (88 Ϯ 42%; P Ͻ 0.05). Decay time increased from 413 Ϯ 21 ms in control conditions to 694 Ϯ 139 ms in 1.5 mM Sr 2ϩ (61 Ϯ 20%; P Ͻ 0.05) and 1,688 Ϯ 528 ms in 2.5 mM Sr 2ϩ (290 Ϯ 120%, P Ͻ 0.05) (Fig. 2, A and B) .
In the presence of Sr 2ϩ -ACSF, we noticed an increase in the number of fails, i.e., a failure of the inspiratory neuron to burst in phase with the network. In the 2-min segments analyzed we found on average 0.2 Ϯ 0.2 fails in control conditions, 1.2 Ϯ 0.25 fails in 1.5 mM Sr 2ϩ -ACSF (P Ͻ 0.05 with respect to control), and 2 fails in 2.5 mM Sr 2ϩ -ACSF (P Ͻ 0.01 with respect to control).
Effect of substitution of extracellular Ca 2ϩ by Sr 2ϩ on preBötC neuron APs. We compared the APs of inspiratory bursts contained in 1-min segments in control conditions and after perfusion with either 1.5 or 2.5 mM Sr 2ϩ -ACSF. We did not find statistically significant changes in AP mean amplitude, duration, half-width, and peak fast afterhyperpolarization (fAHP) after bath application of either 1.5 or 2.5 mM Sr decreases period and prolongs duration of ͐XIIn activity. A: representative traces of ͐XIIn recordings in phase with inspiratory activity of a currentclamped pre-Bötzinger complex (preBötC) neuron (V m Х Ϫ60 mV). Ai: control conditions. Aii: same neuron in 1.5 mM Sr 2ϩ -ACSF. Aiii: same neuron in 2.5 mM Sr 2ϩ -ACSF. Calibration bars apply to all traces. B: we averaged the ͐XIIn bursts occurring in 2-min segments in control conditions (n ϭ 9 slices), 1.5 mM Sr 2ϩ -ACSF (n ϭ 9 slices), and 2.5 mM Sr 2ϩ -ACSF (n ϭ 6 slices). Data were normalized against control. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. C: we did not find statistically significant differences in the ͐XIIn burst irregularity score in 1.5 mM or 2.5 mM Sr 2ϩ -ACSF with respect to control. a.u., Arbitrary units. in 2.5 mM Sr 2ϩ -ACSF (n.s.; Fig. 3Aa ). This suggests that Sr 2ϩ substitution does not affect the ionic mechanisms underlying AP generation and termination.
Since in the presence of Sr 2ϩ the inspiratory drive lasted longer, we noted that averaging AP frequency masked subtle changes in the interspike interval. We further analyzed the effect of Sr 2ϩ substitution on the AP interspike interval. We found a statistically significant decrease in the interspike interval from 43 Ϯ 3 ms in control conditions to 37 Ϯ 1 ms after bath application of 2.5 mM Sr 2ϩ -ACSF (P Ͻ 0.05) and a statistically significant increase in the coefficient of variation from 0.48 Ϯ 0.03 in control conditions to 0.57 Ϯ 0.02 after bath application of 2.5 mM Sr 2ϩ -ACSF (P Ͻ 0.01; Fig. 3A ). To help visualization of the AP distribution along the inspiratory drive, we plotted the time of occurrence of each AP of several inspiratory drives from a neuron in control conditions and from the same neuron after Sr 2ϩ substitution of Ca 2ϩ (Fig. 3,  B and C) .
Effect of substitution of extracellular Ca 2ϩ by Sr 2ϩ on preBötC neuron spontaneous excitatory postsynaptic potentials. We quantified the spontaneous (s) excitatory postsynaptic potentials (EPSPs) occurring in the interburst interval in neurons current-clamped at a V m Х Ϫ60 mV (Fig. 4A1) . In control conditions, sEPSPs occurred at a frequency of 0.72 Ϯ 0.1 Hz (n ϭ 204 synaptic events analyzed). After bath application of Sr 2ϩ -ACSF, we found a statistically significant increase in sEPSP frequency to 2.04 Ϯ 0.4 Hz (P Ͻ 0.05; n ϭ 438) and 2.31 Ϯ 0.4 Hz (P Ͻ 0.01; n ϭ 442) for 1.5 and 2.5 mM Sr 2ϩ -ACSF, respectively. The range of sEPSP amplitudes in every recording varied from 1 to 10 mV in control conditions and from 1 to 14 mV in the presence of Sr 2ϩ . The mean sEPSP amplitudes were 2.6 Ϯ 0.8, 2.7 Ϯ 0.5, and 2.8 Ϯ 0.9 mV for control and 1.5 and 2.5 mM Sr 2ϩ -ACSF, respectively. We binned data from each neuron and analyzed the distribution histograms of control and Sr 2ϩ -ACSF conditions. The shape of the amplitude distributions did not vary in the presence of Sr 2ϩ -ACSF compared with control conditions (Fig. 4A2) . Furthermore, we did not find statistically significant differences in the cumulative frequency distributions of sEPSP amplitude in the presence of Sr 2ϩ with respect to control conditions (Fig. 4B) . However, cumulative frequency distributions of sEPSP interevent interval showed that in the presence of Sr 2ϩ -ACSF the intervals between sEPSPs were shorter than those in control conditions (Fig. 4C) .
Effect of substitution of intracellular Ca 2ϩ by Sr 2ϩ on inspiratory drive or AP. To further analyze whether the changes in inspiratory burst duration seen in Sr 2ϩ -ACSF were due to a presynaptic rather than a postsynaptic mechanism, we saturated with Sr 2ϩ the cytoplasm of single preBötC inspira- Fig. 2 . Substitution of extracellular Ca 2ϩ by Sr 2ϩ significantly prolongs preBötC neuron inspiratory drive. A: we averaged the mean amplitude, area, duration, rise time, and decay time of inspiratory drives contained in 2-min segments in control conditions and after bath application of either 1.5 mM or 2.5 mM Sr 2ϩ -ACSF. Data were normalized against control. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. B: average trace of 72 inspiratory drives from 5 neurons (72/5) in control conditions (left), 84/5 in 1.5 mM Sr 2ϩ -ACSF (center), and 51/3 in 2.5 mM Sr 2ϩ -ACSF (right). C: examples of inspiratory bursts from two current-clamped preBötC neurons (i and ii) in control conditions (left) and after bath application of 1.5 mM Sr 2ϩ -ACSF (center) and 2.5 mM Sr 2ϩ -ACSF (right). Calibration bars apply to all traces. tory neurons by current-clamping them with an intracellular solution containing 0.1 mM Sr 2ϩ instead of Ca 2ϩ . We recorded neurons for 40 min in ACSF and analyzed inspiratory drives and APs contained in 2-min segments every 10 min (n ϭ 114 inspiratory drives and 507 APs from 3 neurons). For comparison, we used mean values of the variables of interest obtained from neurons recorded in control conditions, i.e., standard intracellular solution and ACSF. We did not find statistically significant differences in inspiratory drive amplitude, area, duration, and rise or decay time (Fig. 5A ) or in AP frequency, amplitude, duration, and half-width (Fig. 5B) (Cao and Houamed 1999; Oberhauser et al. 1988; Ribera and Spitzer 1987; Soh and Park 2001; Sugihara 1998; Yoshida et al. 1991) . This may explain why in preBötC neurons the shape of APs does not change in the presence of Sr 2ϩ with respect to control conditions. BK Ca and SK Ca channels have been suggested as relevant for respiratory rhythm generation in normoxic and hypoxic conditions (Kosmidis et al. 2004; Zavala-Tecuapetla et al. 2008; Zhang et al. 2010) . Both the pharmacological opening of SK Ca channels and the blockade of BK Ca channels decrease the duration of the burst resulting from integrated extracellular population recordings obtained with a suction electrode on the ventral respiratory group (VRG). In fact, opening of the SK Ca channels completely abolishes population activity (ZavalaTecuapetla et al. 2008) . Conflicting evidence suggests that blockade of BK Ca channels prolongs duration of the XIIn discharge (Zhang et al. 2010) .
In synaptically isolated neurons, i.e., when the network is silent, opening of SK Ca channels abolishes bursting-pacemaking activity, whereas both opening and blockade of BK Ca channels do not have statistically significant effects on bursting-pacemaking duration (Zavala-Tecuapetla et al. 2008) . Although interesting, these data do not elucidate the role of BK Ca or SK Ca channels for inspiratory drive termination: 1) BK Ca and SK Ca channels determine mainly AP firing rate (Faber and Sah 2007) ; therefore, changes in the population activity may be a result of lowering the AP firing rate and therefore decreasing synaptic transmission. 2) In the absence of synaptic transmission there are not inspiratory bursts; thus changes in the duration of bursting-pacemaking do not depict an effect on inspiratory burst duration.
BK Ca channels modulate neurotransmitter release (Hu et al. 2001) . In CA3 neurons, blockade of BK Ca channels increases the frequency but not the amplitude of spontaneous excitatory postsynaptic current (sEPSC) (Raffaelli et al. 2004 ). This suggests that a Sr 2ϩ failure to activate BK Ca channels could account for the increase in sEPSP frequency in preBötC neurons. Although possible, we find that scenario unlikely since Sr 2ϩ supports BK Ca channel activation in other neuronal types (Oberhauser et al. 1988; Ribera and Spitzer 1987; Sugihara 1998; Yoshida et al. 1991) . Fig. 4 . Substitution of extracellular Ca 2ϩ by Sr 2ϩ increases the rate of spontaneous excitatory postsynaptic potentials (sEPSPs) in preBötC neurons. A1: representative traces of sEPSPs in control (top), 1.5 mM Sr 2ϩ -ACSF (middle), and 2.5 mM Sr 2ϩ -ACSF (bottom). A2: binned sEPSP amplitude from a neuron in control and Sr 2ϩ -ACSF conditions. B: cumulative frequency distribution of sEPSP amplitudes in the presence of either 1.5 mM or 2.5 mM Sr 2ϩ -ACSF with respect to control conditions. C: cumulative frequency distribution of sEPSP interevent interval. In the presence of Sr 2ϩ -ACSF the intervals between sEPSPs were shorter than those in control conditions (Ctrl).
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2ϩ and release machinery. Ca 2ϩ -dependent neurotransmitter release can be separated into a fast phase with duration of Ͻ1 ms followed by a slower phase of up to hundreds of milliseconds. The fast release is mediated by rapidly acting Ca 2ϩ sensors, whereas the slow release is driven by the spatially averaged intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ), which is strongly modulated by Ca 2ϩ buffering (Babai et al. 2104) . Substitution of extracellular Ca 2 by Sr 2ϩ decreases the fast release and enhances the slow release (Goda and Stevens 1994; Miledi 1966; Rumpel and Behrends 1999; Xu-Friedman and Regehr 2000) .
In experiments using presynaptic Sr 2ϩ uncaging at calyx of Held synapses, the fast Ca 2ϩ sensor has a sixfold lower affinity for Sr 2ϩ compared with Ca 2ϩ and Sr 2ϩ activates the slow sensor less efficiently than Ca 2ϩ and therefore triggers release less efficiently (Babai et al. 2014) . The enhanced slow release in the presence of Sr 2ϩ is caused by a significantly lower buffering capacity of the presynapse for Sr 2ϩ compared with Ca 2ϩ . This suggests that the endogenous Ca 2ϩ buffers normally suppress asynchronous release. Interestingly, endogenous Ca 2ϩ buffering in preBötC neurons may be limited (Alheid et al. 2002) .
In our conditions, Sr 2ϩ increased the rise time of the inspiratory drive, which is consistent with a decreased efficiency of the fast release of glutamate. Furthermore, Sr 2ϩ increased the inspiratory drive duration, suggesting an enhancement of the slow release. An alternative explanation is that in the presence of Sr 2ϩ the Ca 2ϩ channels in the presynaptic terminal inactivate with a slower time course (Forsythe et al. 1998 ). This would allow more Sr 2ϩ into the synapse and thereby prolong the duration of release. Regardless of the mechanism by which Sr 2ϩ modifies release in the presynapse, our data suggest that the kinetics of glutamate release is important to shaping the initiation and termination of the inspiratory drive.
Does Sr 2ϩ desynchronize release? In the presence of Sr 2ϩ , short tetani to either of the two inputs to CA1 produce potentiation of the field EPSP and long-lasting population spike responses (Wigstrom and Swann 1980) . In cerebellar synapses in the presence of Sr 2ϩ , peak neurotransmitter release is reduced, the duration of release is prolonged (Xu-Friedman and Regehr 1999) , and individual release events continue for hundreds of milliseconds after presynaptic stimulation (XuFriedman and Regehr 2000) . In motor nerve terminals from mice, the time course of phasic neurotransmitter release in Sr 2ϩ is indistinguishable from that in the presence of Ca 2ϩ . However, tetanic trains of nerve stimuli in the presence of Sr 2ϩ cause an increase in quantal content of end-plate potentials (EPPs) and a persistent increase in the frequency of miniature EPPs (Bain and Quastel 1992) . In CA3 neurons, substitution of extracellular Ca 2ϩ by Sr 2ϩ prolongs spontaneous bursts and decreases the probability of burst initiation and the rate of burst onset. This is consistent with the hypothesis that availability of releasable glutamate determines probability and duration of synchronous CA3 network activity (Jones et al. 2007 ). Consistent with the hypothesis that Sr 2ϩ desynchronizes neurotransmitter release, we found an increase in the duration of inspiratory burst and in the frequency of sEPSPs in the presence of Sr 2ϩ . Glutamate and emergence of respiratory rhythm. Glutamate is the major fast excitatory neurotransmitter underlying respiratory rhythm generation. Although AMPARs, NMDA receptors (NMDARs), and metabotropic glutamate receptors (mGluRs) coexist in respiratory rhythm generation-related areas, only AMPAR-mediated transmission is essential for rhythm generation and propagation (Anderson and Speck 1999; Connelly et al. 1992; Funk et al. 1993; Greer et al. 1991; Morgado-Valle and Feldman 2007) . In in vitro preparations, inspiratory drive potentials and network activity are abolished in the presence of antagonists of AMPAR, whereas inspiratory rhythm is virtually unaffected by the blockade of NMDARs (Morgado-Valle and Feldman 2007) . In in vitro slice preparations containing the preBötC, simultaneous blockade of mGluR5 and mGluR1 does not affect respiratory rhythm generation; however, blockade of mGluR5 decreases network burst duration, area, and frequency (Ben-Mabrouk et al. 2012 ). This suggests that manipulations to desynchronize glutamate release will affect mainly AMPARs.
A testable hypothesis. Our data suggest that Sr 2ϩ reduces the rate of glutamate release and thereby prolongs the inspiratory burst. We propose as a testable hypothesis that the duration of inspiratory burst is determined by the kinetics of the presynaptic molecular machinery for neurotransmitter release, which is ultimately determined by the kinetics of Ca 2ϩ influx and and recorded for 40 min in ACSF. Inspiratory drives and AP contained in 2-min segments were analyzed every 10 min (n ϭ 114 inspiratory drives and 507 action potentials from 3 neurons). For comparison, we used mean values of the variables of interest obtained from neurons recorded in control conditions, i.e., standard intracellular solution and ACSF (gray symbols). We did not find statistically significant differences in inspiratory drive amplitude, area, duration, and rise and decay time (A) or in AP frequency, amplitude, duration, and half-width (B) between neurons recorded with standard intracellular solution and those recorded with 0.1 mM Sr 2ϩ instead of Ca 2ϩ .
endogenous buffering. We speculate that in the presence of Sr 2ϩ in the preBötC network, the fast release of glutamate is less efficient whereas the slow release is prolonged, and therefore the inspiratory burst lasts longer.
The initial membrane depolarization depends on the presynaptic fast release of glutamate, and this depolarization ends when the releasable pool of glutamate is exhausted in the presynaptic terminal, shaping the inspiratory drive. Therefore, exhaustion of releasable glutamate at the recurrent collateral synapses determines burst duration and the next burst of network activity occurs when the supply of glutamate has been replenished.
However, an inconsistency with this hypothesis is that in the presence of Sr 2ϩ the frequency of inspiratory rhythm increased. If the releasable pool of glutamate were emptied, one would expect that it would take longer to start the next burst. The possibility exists that there is a cause/effect relation between the increase in the number of sEPSPs in preBötC neurons and the increase in inspiratory burst frequency, i.e., more synaptic events facilitate the network.
In the presence of Sr 2ϩ , duration of inspiratory burst of preBötC neurons increased more than threefold with respect to control conditions, whereas duration of ͐XIIn burst increased less than onefold. This suggests that either preBötC neurons only have a molecular property that is affected by Sr 2ϩ or hypoglossal nucleus motor neurons have a property that rectifies their input. An alternative explanation is the presence of a group of interneurons between the preBötC and the hypoglossal nucleus that modulates the motor output (Koizumi et al. 2013) .
We also observed an increase in the number of inspiratory burst failures. We suggest that this is due to a slower presynaptic load of glutamate that limits presynaptic neuron ability to respond to the next cycle of release, which is necessary to depolarize the postsynaptic neuron(s). It is plausible that a slower kinetics of Sr 2ϩ in the presynaptic terminals prevents the recruiting of enough vesicles to complete the next cycle of release. We suggest that several neurons fail simultaneously, including the one that is being recorded. Therefore, because of a massive failure of the network the amplitude of the motor output is decreased.
Further work is needed to study the molecular mechanisms of fast and slow release kinetics in preBötC synapses and how they can shape the inspiratory drive.
Conclusions. In neonatal rat medullary slices containing the preBötC, substitution of extracellular Ca 2ϩ by Sr 2ϩ significantly increases inspiratory drive duration without affecting AP properties. Our data suggest that Sr 2ϩ desynchronizes glutamate release. We hypothesize that inspiratory drive termination is a network rather than a cellular property determined by the kinetics of the molecular machinery of glutamate release. Further experiments are needed to test this hypothesis.
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